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Abstract
Introduction—Understanding what influences where food outlets locate is important for 
mitigating disparities in access to healthy food outlets. However, few studies have examined how 
neighborhood characteristics influence the neighborhood food environment over time, and whether 
these relationships differ by neighborhood-level income.
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Methods—Neighborhood-level data from four U.S. cities (Birmingham, AL; Chicago, IL; 
Minneapolis, MN; Oakland, CA) from 1986, 1993, 1996, 2001, 2006, and 2011 were used with 
two-step econometric models to estimate longitudinal associations between neighborhood-level 
characteristics (z-scores) and the log-transformed count/km2 (density) of food outlets within real-
estate-derived neighborhoods. We examined associations with lagged neighborhood-level 
sociodemographics and lagged density of food outlets, with interaction terms for neighborhood-
level income. Data were analyzed in 2016.
Results—Neighborhood-level income at earlier years was negatively associated with the current 
density of convenience stores (β= −0.27; 95% CI: −0.16, −0.38; p<0.001). The percentage of 
neighborhood white population was negatively associated with fast food restaurant density in low 
income neighborhoods (10th percentile of income: β= −0.17; 95% CI: −0.34, −0.002; p=0.05), and 
the density of smaller grocery stores across all income levels (β= −0.27; 95% CI: −0.45, −0.09; 
p=0.003). There was a lack of policy-relevant associations between the pre-existing food 
environment and the current density of food outlet types, including supermarkets.
Conclusions—Socioeconomically-disadvantaged populations and minority populations may 
attract ‘unhealthy’ food outlets over time. To support equal access to healthy food outlets, the 
availability of ‘less healthy’ food outlets types may be relatively more important than the potential 
lack of supermarkets or full-service restaurants.
INTRODUCTION
Between 1970 and 2000, the number of convenience stores and fast food restaurants 
increased, while availability of supermarkets remained stable in the U.S.1 There has also 
been greater attention to ‘food deserts’ (lack of healthy food options) and ‘food swamps’ 
(abundance of unhealthy food options) in the literature in the past decade.2–4 The unequal 
distribution of food outlets (i.e., convenience and grocery stores, supermarkets, and fast food 
and full-service restaurants) may negatively impact individuals’ cardiometabolic health. For 
example, some researchers have found that fewer supermarkets and more convenience stores 
and fast food restaurants are associated with lower quality diet and obesity,5–10 but these 
results do not always hold.1,11–13 Therefore, it is important to understand which factors 
influence the availability of food outlets in neighborhoods, and whether it differs across type 
of food outlet.
According to a rich evidence base in urban economics, factors that influence food outlet site 
selection include competition, zoning ordinances,14–18 proximity to the central business 
district,19 socioeconomic status (SES), and neighborhood racial composition,19,20 but the 
literature is mixed 21 and results differ by type of outlet.22 The current literature is limited by 
cross-sectional study designs and a lack of sophisticated modeling techniques. For example, 
the majority of previous studies either focus on one type of food outlet (without accounting 
for the presence of other food outlets) or use crude measures of retail density. In addition, 
previous studies have not explicitly examined how the availability of one type of food outlet 
in a given neighborhood influences the availability of other types of food outlets in later 
years, or whether relationships differ by neighborhood-level income.
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To address these gaps, unique data related to neighborhood sociodemographics, food outlets, 
and the built environment within four U.S. cities (Birmingham, AL; Chicago, IL; 
Minneapolis, MN; Oakland, CA) from six time-points (1986, 1993, 1996, 2001, 2006, and 
2011) were used. Using two-step econometric models, longitudinal associations between 
neighborhood-level characteristics and the presence and density of fast food restaurants, full-
service restaurants, convenience stores, grocery stores, and supermarkets were separately 
analyzed. Associations between the availability of food outlets in earlier years and the 
current availability of food outlets were also examined, as well as interactions by 
neighborhood-level income. The results may inform policies and interventions to mitigate 
disparities in food outlet availability and access to healthy food options.
METHODS
Study population
We capitalized on existing data from the Coronary Artery Risk Development in Young 
Adults (CARDIA) study, including detailed community-level measures corresponding to 
participants’ residential addresses in four U.S. cities (Birmingham, AL; Chicago, IL; 
Minneapolis, MN; Oakland, CA) across 6 exam periods in 1986, 1993, 1996, 2001, 2006, 
and 2011 (although individual-level data were not used in this study). These four cities are 
emblematic of different types of metropolitan areas in the U.S., with broad geographic and 
sociodemographic diversity.
The goal was to ask questions about whether neighborhood characteristics were associated 
with the food environment over time. To do this necessitated an understanding of salient 
neighborhood boundaries. Since real-estate-oriented boundaries reflected such an 
understanding, they were deemed theoretically appropriate for the research question23,24. 
Real-estate-oriented neighborhood boundary definitions from Zillow25 (Chicago, IL; 
Oakland, CA; Minneapolis, MN) and the Regional Planning Commission of Greater 
Birmingham (Birmingham, AL) were used for a total of 392 neighborhoods at six time 
points; observations=2,352). Neighborhood observations missing values for any exposure 
variables were excluded (n=105; 25, 17, 19, 21, 12, and 11 in 1986, 1993, 1996, 2001, 2006, 
and 2011, respectively), with a final analytic sample of 2,247 neighborhood-observations 
across follow-up.
Measures
Since our source data were produced at varying geographic levels, we harmonized all source 
data to fit real-estate oriented neighborhood boundaries using geographic proportional 
weighting and temporally aligned the data according to the six CARDIA exam periods 
(Supplemental File 2). Data from Dun & Bradstreet, a commercial data set of US 
businesses26 with moderate reliability and validity,27–29 was used to characterize the food 
environment in 1986, 1993, 1996, 2001, 2006, and 2011. Eight-digit Standard Industrial 
Classification (SIC) codes were used to classify food outlets; only 4-digit codes were 
available in 1986, which were used along with matched business names and prediction 
model for full-service restaurants (Supplemental File 2). The count of each type of food 
outlet within each neighborhood unit (km2) was calculated for each year of analysis.
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Census tract-level age structure, racial composition, income, and population density were 
obtained from the U.S. Census 1980, 1990, and 2000 and American Community Survey 5-
year estimates from 2005–2009 and 2007–2011. To match the years of analysis, a 
continuous change in sociodemographic characteristics across all decennial and 
quinquennial censuses was estimated using linear interpolation. Regions of significant 
employment density with any contiguous group of Traffic Analysis Zones meeting a 
previously-defined threshold criterion30 were identified using data from the Census 
Transportation Planning Package corresponding to the years 1990, 2000, 2005, and 2010.
Statistical analysis
Exposures in the analysis included: population density (per km2); median household income 
($); percentage neighborhood white population; percentage foreign-born population; 
percentage population with less than a high school (HS) education; percentage population 
≤18 years of age; percentage of vacant housing units; distance to employment subcenter 
(km2); and except when modeled as an outcome, the count per km2 of fast food restaurants, 
full-service restaurants, convenience stores, grocery stores, supermarkets, and all other types 
of food outlets (separately). To account for inflation, we divided median household income 
by the Consumer Price Index at each year of analysis. The exposures were modeled as z-
scores to obtain comparable estimates of effect. The goal was to specify a causal model that 
allowed for exposures at one time point to influence outcomes at a later time point (i.e., 
latency period). Therefore, exposures were lagged by the period of time between years of 
analysis (t-1); latency periods were unevenly distributed due to unequal intervals between 
1985 and 1995.
The count of each type of food outlet per km2 (described as “density” henceforth) was right-
skewed, so log-transformed values were used (outcome variables only). To maximize the 
interpretability of results, beta coefficients and confidence intervals from two-step models 
were reported as percentage values. City and year of analysis (1986, 1993, 1996, 2001, 
2006, and 2011) were controlled for in all models.
According to the theory of entry thresholds, an area must be a certain market size to support 
a new business, but once the entry threshold is crossed, competition does not meaningfully 
impact entry of additional businesses.31–33 Therefore, it was hypothesized that an increase 
from zero to one food outlet was meaningfully different than any other increase in the count 
of food outlets. Consequently, two-step econometric models (versus Poisson models) were 
utilized (Stata 14.0),34–36 which account for the threshold effect of zero versus any 
neighborhood food outlets.
In the first equation, a probit regression model was used to estimate the longitudinal 
associations between neighborhood-level characteristics and the probability of the presence 
of each type of food outlet (yes/no). In the second equation, a linear regression model was 
used to estimate the longitudinal associations between neighborhood-level characteristics 
and the log-transformed density of each type of food outlet (separately), conditional on the 
presence of any food outlet of that type. Random effects (versus fixed effects) regression 
was used for all outcomes because we assumed that unobserved heterogeneity was not 
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correlated with our explanatory variables. For example, unmeasured factors known to affect 
store placement, such as traffic patterns,16 are likely not correlated with our exposures.
Using the two-step model,34–36 the coefficients from the second equation (linear model 
among neighborhoods with any food store or restaurant; unconditional model) were 
multiplied by the predicted probability from the first equation (probit model among full 
sample) to generate conditional estimates; thus, estimates from the two-step model represent 
the estimated effects of neighborhood-level characteristics (including density of each type of 
food outlet, except when modeled as an outcome) at year t-1 on the density of each type of 
food outlet at year t, unconditional on the presence of the same type of food outlet in the 
neighborhood (across the full sample). It was hypothesized that the same set of covariates 
would affect the outcome in both equations; thus, separate identification was not 
necessary.35
Given literature showing modification of associations between neighborhood racial 
composition and accessibility of supermarkets by poverty level,37 we hypothesized that the 
effect of each exposure differed by neighborhood-level income. Based on preliminary 
analyses, we added statistically significant interaction terms to each two-step model, and 
predicted marginal effects at the 10th and 90th percentile of income level.
Observations with studentized residuals >|4| were excluded from all analyses to address 
outliers (n=1 and 3 neighborhood-observations excluded from the convenience store and 
grocery store models, respectively).38 Standard errors for the combined coefficients of the 
probit and linear regression models were obtained by bootstrapping with 1000 replications. 
We assessed spatial autocorrelation by calculating the Moran’s I for each outcome variable 
at baseline and at the end of follow-up39. Due to spatial clustering in the outcome variables 
(Supplemental Table 2), we included polynomial terms for latitude and longitude in each 
model.40
In sensitivity analyses, exposure and outcome data from the same year of analysis were 
used, which were compared to estimates from the central analysis with lagged exposures. 
All data were analyzed in 2016.
RESULTS
Across the four cities, the counts of each type of food outlet increased over time (Table 1). 
Across the follow-up period, the mean (SD) count of neighborhood fast food restaurants, 
full-service restaurants, convenience stores, grocery stores, and supermarkets per km2 was 
1.8 (4.2), 1.9 (5.3), 1.3 (1.7), 2.0 (3.6), 0.2 (1.0), and 4.7 (13.7), respectively. Including 
polynomial terms for latitude and longitude coordinates resulted in negligible differences in 
estimates compared to models without these terms.
Model-based estimates of lagged sociodemographics on density of food outlets at follow-
up
The estimated coefficients for the probability of the presence of each food outlet type 
(equation 1) and the coefficients unconditional on the presence of each food outlet type are 
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shown (two-step model) in Table 2. Across follow-up, median household income was 
negatively associated with the density of convenience stores (unconditional on the presence 
of convenience stores). We also observed a statistically significant interaction between the 
percentage of white population and median household income with the density of fast food 
restaurants (p-interaction, 0.001). For example, a 1% increase in the percentage of white 
population was associated with a 17% (95% CI: 34, −0.2; p=0.05) decrease in the density of 
fast food restaurants (unconditional on the presence of fast food restaurants) in low-income 
neighborhoods (10th percentile); whereas, a 22% (95% CI: 2, 43; p=0.04) increase in the 
density of fast food restaurants in high-income neighborhoods (90th percentile) over time.
Across all income levels, the percentage of vacant housing units and the percentage of 
population with less than a HS education were positively associated with the density of 
grocery stores (unconditional on the presence of grocery stores) over time; while the 
percentage of white population was negatively associated with the density of grocery stores 
(unconditional on the presence of grocery stores). The percentage of foreign-born population 
was also negatively associated with the density of grocery stores and supermarkets 
(unconditional on the presence of the same type of food stores). Adjusting for other factors, 
no other sociodemographic measures were statistically significantly associated with the 
density of supermarkets (unconditional on the presence of supermarkets) across the study 
period.
Model-based estimates of lagged food outlets on density of food outlets at follow-up
A higher density of fast food restaurants at earlier years was positively associated with the 
current density of full-service restaurants (unconditional on the presence of the same type of 
food outlets), and vice versa. Additionally, a higher density of convenience stores at earlier 
years was positively associated with the current density of grocery stores (unconditional on 
the presence of grocery stores).
The density of food outlet types at earlier years did not influence the current density of 
grocery stores or supermarkets (unconditional on the presence of those types of food 
outlets). We also did not observe any statistically significant interactions between food 
environment exposures at earlier years and neighborhood-level income.
Sensitivity analyses
The direction and magnitude of the predicted marginal effects from models with 
contemporaneous exposure and outcome data were similar to results from the central 
analysis, with negligible differences in statistical significance (Table S1).
DISCUSSION
A wide range of time-varying neighborhood-level data related to the food environment in 
four U.S. metropolitan areas was used to determine how neighborhood characteristics 
influenced the density of food outlets over time. Neighborhood age and racial composition, 
educational attainment, and vacancy were found to be associated with food outlet density, 
with differences by neighborhood-level income level. The findings also suggest that the 
density of food outlets at earlier years was associated with the current presence or density of 
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fast food and full-service restaurants, smaller grocery stores, and supermarkets, but not 
convenience stores.
Overall, the results suggest that minority populations and socioeconomically-disadvantaged 
individuals may live in neighborhoods that attract a higher availability of ‘less healthy’ food 
outlets’ (i.e., fast food restaurants, convenience stores, and smaller grocery stores) over time, 
compared to other more advantaged segments of the population. The results also showed 
that relationships might be stronger in low-income neighborhoods; for example, the 
percentage of non-Hispanic White population at earlier years was negatively associated with 
the current density of fast food restaurants only in low-income neighborhoods. Given 
previously documented negative associations between convenience and grocery stores, and 
fast food restaurants with in-store food measures, diet, and obesity,5,7,27,41 individuals living 
in these areas may be at a heightened risk for less healthy diet behaviors. Thus, future 
initiatives to modify the food environment should reduce the relative availability of ‘less 
healthy’ food outlets types rather than the potential lack of supermarkets or full-service 
restaurants, especially in low-income areas.
In this study, the density of convenience stores at earlier years was positively associated with 
the current density of smaller grocery stores. We also observed a positive association 
between the density of fast food restaurants at earlier years and the current density of full-
service restaurants, and vice-versa. These findings may be due to unmeasured factors that 
cause similar types of food outlets to locate together (e.g., proximity to complementary 
businesses)16, especially in neighborhoods that can support additional businesses.31
Differences in the associations between neighborhood characteristics with the presence 
versus density of different types of food outlets were also observed. For example, the 
percentage of foreign-born population at earlier years was negatively associated with the 
current density of supermarkets, but positively associated with the current presence (yes/no) 
of supermarkets. These findings suggest that neighborhood factors may influence the growth 
of additional food outlets, but not initial density (and vice-versa). Inconsistencies between 
probit and two-step models may be due to zoning ordinances and land-use policies that 
determine whether food outlets to locate in certain neighborhoods,15 but do not necessarily 
influence the density of food outlets in areas that permit food retail.
Limitations
While a wealth of data on neighborhoods was used in this study, data related to crime, 
within-store food measures, and other factors related to store location choice was 
lacking,14,16,18,21,42 as well as employment density data prior to 1990. Furthermore, it was 
not possible to capture the openings and closings of unique food outlets, and thus not 
possible to examine whether the availability of each type of food outlet caused new food 
outlets (or closings) to occur over time. Although polynomial terms for latitude and 
longitude were used to account for potential spatial autocorrelation, the use of two-step 
econometric models precluded the use of complex spatial regression analysis to address the 
modifiable areal unit problem.40 Despite a lack of continuous annual data and having 
unequal latency periods between 1980 and 1995, this study captured longitudinal 
associations between our exposures and outcomes using lagged exposures. Data on zoning 
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ordinances was also unavailable, but the use of two-step models accounted for the 
probability that a food outlet was present in a neighborhood before estimating associations 
between exposures and the density of food outlets. Although the sample of neighborhoods is 
not generalizable to less urban areas, the four metropolitan areas in this study are 
emblematic of different types of US cities. We also used a unique neighborhood boundary 
data source in Birmingham, which may not be analogous to Zillow-defined boundaries in the 
other cities; however, both sources use the same theoretical approach to creating 
neighborhood boundaries with real estate data. We observed small classification errors in 
D&B, but previous research shows that misclassification of food stores in secondary data 
sources is not systematic by neighborhood characteristics.28
Conclusion
The results of this study underscore the complex relationships between neighborhood 
sociodemographics and food outlets over time, and show that minority populations and 
socioeconomically-disadvantaged individuals may live in areas with greater access to ‘less 
healthy food outlets’. Given the lack of success of interventions introducing supermarkets or 
banning new fast food establishments in underserved areas,43–48 the results of this study 
suggest that new strategies are necessary for promoting equitable food environments. 
Understanding which neighborhood characteristics influence the availability of different 
types of neighborhoods food outlets allows policy-makers to identify salient targets for 
stimulating changes in the distribution of food outlets across social and geographic space.
Supplementary Material
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